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Abstract 

A rise in temperature will intensify the feeding links involving ectotherms in food webs. However, it is unclear how the 
effects will quantitatively differ between the plant-herbivore and herbivore-carnivore interface. To test how warming could 
differentially affect rates of herbivory and carnivory, we studied trophic interaction strength in a food chain comprised of 
green algae, herbivorous rotifers and carnivorous rotifers at 10, 15, 20 and 25''C. We found significant warming-induced 
changes in feeding by both herbivorous and carnivorous rotifers, but these responses occurred at different parts of the 
entire temperature gradient. The strongest response of the per capita herbivore's ingestion rate occurred due to an increase 
in temperature from 15 to 20""C (1.9 fold: from 834 to 1611 algal cells per h~^) and of the per capita carnivore's ingestion 
rate from 20 to 25'C (1 .6 fold: from 1.5 to 2.5 prey h~^). Handling time, an important component of a consumer's functional 
response, significantly decreased from 15 to 20°C in herbivorous rotifers. In contrast, it decreased from 20 to 25°C in 
carnivorous rotifers. Attack rates significantly and strongly increased from 10 to 25°C in the herbivorous animals, but not at 
all in the carnivores. Our results exemplify how the relative forces of top-down control exerted by herbivores and carnivores 
may strongly shift under global warming. But warming, and its magnitude, are not the only issue: If our results would prove 
to be representative, shifts in ectotherm interactions will quantitatively differ when a 5°C increase starts out from a low, 
intermediate or high initial temperature. This would imply that warming could have different effects on the relative forces of 
carnivory and herbivory in habitats differing in average temperature, as would exist at different altitudes and latitudes. 
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introduction 

Global change will most likely result not only in higher mean 
temperatures, but also in more variable ones in temperate regions 
[1], and is projected to significantly afiect species interactions in 
the pelagic communities of lakes and oceans in the coming century 
[2,3,4,5]. Such warming may cause (i) temporal mismatches 
between predators and prey, (ii) reduced body sizes, (iii) species 
range shifts, (iv) extended durations of stratification and (v) large 
scale changes in the spatial distribution of primary and secondary 
production e.g. [6,7,8,9,10]. 

While warming itself is a slow, gradual process, forecasts also 
predict an increased frequency of extreme events, such as heat 
waves. These act at the time scale of days and wiU affect individual 
organisms within their lifetime [1 1] . The ensuing individual 
responses and changes in species interactions are likely to have 
short-term cascading effects at the community level. Effects on 
terrestrial and aquatic communities could be similar (especially for 
insects and zooplankton), although water acts as a buffer that 
delays temperature changes. 



Warming will likely accelerate all physiological processes, but 
not all at the same rate for all organisms [12,13,14] , trophic levels 
[15] or locations [16]. A rise in temperature may generally 
increase movement rates of ectotherms and intensify the feeding 
links involving these ectotherms in aquatic food webs. However, 
the effects could differ between the plant-herbivore interface and 
the herbivore-carnivore interface. Mobile herbivorous zooplank- 
ton species attack relatively immobile phytoplankton. Flagellated 
phytoplankton species exist, but their movement rate is negligible 
in comparison to that of their much larger zooplankton 
consumers. In contrast, many mobile carnivore species attack 
mobile herbivores. Preliminary (unpublished) modelling by M, 
Vos showed that a mobile predator searching for mobile 
individuals on a two-dimensional grid experienced a higher 
encounter rate than one searching for stationary individuals. This 
led to the idea that warming could increase encounter rates 
between mobile carnivores and mobile herbivores more strongly 
than the encounter rate between mobile herbivores and relatively 
immobile phytoplankton. Recently, an analysis of asymmetries in 
the thermal responses of a large number of consumer-resource 
systems by [17] indicated that these are likely to commonly occur 
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in nature. How increased encounter rates ultimately change actual 
predation rates requires careful study, as warming may also 
increase escape velocities of prey attacked by faster predators 
[18], [19]. 

When increased rates of warming lead to an intensification of 
species interactions, this could cause stronger population fluctu- 
ations, rapid local loss of carnivores and accelerated rates of 
competitive exclusion among herbivores [20], [21]. In summary, it 
could change the importance of top-down and bottom-up effects 
[22] and modify trophic cascades [23]. Thus, it may lead to 
community instability, and, indeed, much of the available evidence 
for ectotherms points in this direction, both in theory [20] and in 
experimental studies [24,25,26,27,28,29]. Such destabilisation 
could in turn cause cascading extinctions and community closure 
[30], with profound implications for the persistence and conser- 
vation of these systems. It is important to gain more insight into 
the underlying mechanisms and into its generality, as some 
theoretical work has actually predicted the opposite effect, a 
stabilization of dynamics [19]. 

Part of the instability of many predator-prey systems arises from 
a type-II functional response of the predator, that destabilizes 
dynamics compared to type-I and type-Ill functional responses 
[31,32,33]. However, a type-Ill functional response should not be 
seen as a guarantee for stability. For example, the predator 
Stenostomm has a type-Ill functional response [34] but it 
overexploits its prey to extinction within a couple of days in the 
laboratory. As warming may affect the behavioural parameters 
that determine any ectotherm's ingestion rate, it is important to 
study how warming affects the functional response and thus the 
feeding link intensity and propensity to population level instability. 
In general, one would expect a higher activity level at higher 
temperatures, implying higher attack rates and lower handling 
times. However, a wide range of alternative patterns have been 
described: shifts between functional response types; attack rates 
and handling time may in[:rcasc', decrease or stay the same, and 
the observed change may be gradual or discontinuous across a 
range of temperatures [35,36,37,38,39,40,41,42]. The relationship 
between search rate and temperature has for instance been 
reported to be linear, quadratic or hump-shaped 
[35,36,37,38,39,40,41,42]. Part of this variation is likely to stem 
from the fact that responses to a higher temperature are not only 
expected to increase indefinitely, but to actuaUy drop again once a 
threshold temperature has been reached. [43] describe the 
theoretically expected hump-shape of temperature response curves 
for ectotherms and give some empirical examples, also see 
[44,45,46]. 

In order to test our ideas on tlu- c-iTccts of warming on carnivory 
and herbivory we use a specific well-studied model system, and 
formulate the following hypotheses: (1) Ectothermic herbivores 
and carnivores will show an increase in consumption rates under 
warming. (2) The extent of the effect, and the temperature range 
for which it occurs, will differ between consumers at different 
trophic levels. The underlying consideration is that the mode of 
how food is taken in may often differ between herbivores and 
carnivores. Focusing on a zooplankton example, it is clear that 
foraging for immobile tiny algal particles is a fundamentally 
different process, with different costs and benefits, than foraging 
for mobile and much larger animal prey items. Our model system 
is a specific one, but this diffcr(;nce in mobility of plant and animal 
prey also holds for a large number of other aquatic and terrestrial 
ectotherms. (3) The effect of warming on ingestion is not 
necessarily gradual and linear. The effect of warming from low 
to intermediate temperatures is not necessarily the same as it is 
from intermediate to high temperatures. To test our hypotheses. 



we studied herbivore and carnivore ingestion rates, in our 
planktonic model system, in relation to food concentration along 
a temperature gradient formed by 5°C steps from 10°C to 25°C. A 

response to a 5°C increase in temperature is ecologically relevant 
as it could easily occur within the lifetime of an individual rotifer 
experiencing a heat wave. 

Materials and Methods 

Culture organisms 

All organisms were cultured in modified Woodshole (WG) 
medium [47] medium. These included the alga Monoraphidium 
minutum (SAG 243-1, culture collection of algae, Gottingen, 
Germany), the herbivorous rotifer Brachioms calycifkmis (isolated 
from Lake Michigan, Milwaukee, USA; obtained from G. 
Fussmann, McGill University, Montreal, Canada) and the 
carnivorous rotifer Asplanchna brightwellii (isolated from Lake 
Ismaningen, Munich, Germany; obtained from C. Laforsch, 
Ludwig-Maximillian University Munich, Germany). Stock cul- 
tures were kept as batch cultures at 20°C with regular substitutions 
of fresh medium. 

An amount of 1000 algal cells oi M. minutum correspond to a 
content of 0.009 |ig C at 20^0 and one individual of A calyciflorus 
contains of about 0.05 ng C at 20°C. 

Herbivory 

We tested B. calycifhrus grazing on M. minutum at different 
temperatures and prey densities. AH organisms experienced an 
acclimation period of 24 hours to the experimental temperatures 
(10, 15, 20 and 25°C). Rotifers were acclimated in an algal 
suspension of 3 X Urcells/ml to ensure- good physiological condi- 
tions at the beginning of the experiment. After acclimation, 20 full- 
grown rotifers without eggs were selected and transferred into 3-nil 
glass flasks of five different algal concentrations (0.2, 1, 3, 6 and 
10x10^ ceUs/ml). Twenty animals per 3 ml is much below the 
critical consumer density where consumption decreases due to 
crowding effects [48]. Grazing occurred in the dark at 10, 15, 20 
and 25°C in climate-controlled chambers (Minitron INFORS HT, 
Bottmingen, Switzerland) for 24 hours. This period was sufficient 
to observe measurable grazing. Two algal samples ('start' and 'end' 
sample) without rotifers served as controls. Algal 'start' samples 
were immediately fixed (by adding Lugol's iodine solution) at the 
beginning and algal 'end' samples were terminated after 24 h, to 
calculate algal growth or decKne during the experiment. The 
grazing samples with rotifers were fixed after 24 h as well. For 
each temperature treatment and food concentration, experiments 
were run with 6 replicates and 4 controls. Algal densities were 
determined with an inverted microscope using the cell counting 
method [49]. At least 600 algal ceUs were counted for each sample. 
In order to estimate algal food density during the experiment, food 
concentrations were integrated to correct for algal depletion. In 
our results we use these corrected food densities rather than the 
experimentally implemented initial food densities. The ingestion 
rate (1) was calculated on basis of the filtration rate per animal and 
time {fj and the algal concentration (C). Filtration was calculated 
as: 

F(InC,«-lnC,i 
NAt 

where Vis the experimental volume and Qo and Q^are the algal 
densities at the beginning and the end of the experiment, 
respectively. N is the number of animals and At is the duration 
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of the experiment. Ingestion rate (T) is then f multiplied by algal 
density. 

Carnivory 

A. brightwellii and its prey, B. calycifloms, were acclimated to the 
experimental temperatures (10, 15, 20 and 25°C) for 24 h. Prior to 
the experiment, full-grown predators were subjected to three hours 
of starvation. One A. brightwellii individual was transferred into 
each of the experimental 1.5 ml-well.s with dilTerent prey densities 
(2, 5, 7, 10, 12, 15, 17, 20, 25 and 30 individuals/ml). Predation 
occurred at 10, 15, 20 and 25°C in the aforementioned Minitrons, 
for 3 hours. Treatments without carnivores served as controls. A 
number between 6 and 1 5 replicates and 4 controls were used for 
each temperature and food concentration. The experiment was 
terminated by adding Lugol's iodine solution and the entire 
volume was screened using a dissecting microscope for remaining 
prey individuals. Ingestion rate was calculated as the difference 
between the number of remaining prey and the mean number of 
prey in the controls. 

Curve fitting of functional responses 

Visual inspection of the data suggested that either a type-II or a 
type-Ill functional response could be an appropriate model, and 
we fitted both of these to the data. We also fitted integrated 
functional response models to address the issue of prey depletion 
during the experiment (we could not replace algae or rotifers at the 
time they were eaten) [50]. For completeness, we additionally 
fitted a linear HoUing type-I functional response with a plateau (a 
'broken-stick model'). In this model, the ingestion rate increases 
linearly with prey density up to a certain point (which is estimated 
during the fitting), after which it remains constant. The fitting was 
done in Matlab (v 7.0) by non-linear least squares, with the 
minimum values of all parameters bounded to 0. Maximum values 
were unbounded for attack rate and handling time. 

Instantaneous functional response: 

The generalized form of the HolUng functional response is 



7 = 



aN'' 
l+ahN'' 



(1) 



where /is ingestion, jVis prey abundance, a denotes attack rate, h 
stands for handling time and b is the Hill exponent. Changing the 
value of b makes the model to go from type-II (A= 1) to type-Ill 

{b = 2). 

Integrated functional response: 

The integrated generalized functional response results from 
integrating (see Table SI in Appendix SI), between time 0 and T, 
the model: 



dN 
dt ' 



: -P 



aN" 



l+ahN'' 



which results in: 



N^-N'j.=ziPaT+ah) 



(2) 



(3) 



where No and Nt are the initial and final prey densities, 
respectively, z is equal to b+l, P is the number of predators and 
Tis the duration of the experiment (a and h as in model (1)). In the 
particular case of HoUing type-II [b—l), the integrated form of the 
functional response is: 



7 = Aro[l-e''^""^] 
For HoUing type-Ill (b = 2), the solution is: 



(4) 



1+ahN^ +PaTNo -J(l +ahN^+PaTNof -4TPah^Nl 



2ahNo 

Incidentally, in [51] this equation is incorrect. Equations (3) and 
(4) are implicit functions, which cannot be fitted by conventional 
methods. Thus we fitted them in the form: 



0 = N'j.-N^+ z{PaT+ ah) 



for model [3], and: 



0 = 



-I+Noll-e"^"-'^^] 



(6) 



(7) 



for model (4). 

To quantify the forces of top-down control by herbivorous and 
carnivorous rotifers at different temperatures, we calculated 'fold- 
increases' in ingestion rate using the fitted functional response at 
high food density (1 10^ ceUs/ml and 30 prey/ ml, respectively) 

Results 

Functional responses at different temperatures, curve 
fitting 

As expected from visual inspection, both type-II and type-Ill 
functional response models provided a good fit to the herbivory 
and carnivory ingestion data. The adjusted values (i.e. 
corrected for the number of parameters) showed only marginal 
differences in goodness of fit, with more of the values for the 
different temperature treatments indicating a sUghtiy better fit of a 
type-Ill model, both for herbivory and for carnivory with 
ranging from 0.35 to 0.73 and from 0.14 to 0.33, respectively (see 
Table SI in Appendix SI). 

Therefore we accepted, with caution and taking notice of the 
considerable scatter in the data, the type-Ill model as a good 
description of the functional responses. Given that our data were 
based upon an experiment in which depletion occurred, we based 
our subsequent analyses on the integrated type-Ill functional 
response model. This model is the most appropriate given the 
method used and shows a goodness of fit that is nearly identical to 
that for the non-integrated type-Ill model (Table S 1 in Appendix 
SI). 

The broken-stick (type-I) model generaUy reached lower 
adjusted R^ values than the HoUing type-II and -III models and 
wiU hence not be considered any further. 

Herbivory 

Ingestion rates by herbivorous rotifers differed with temperature 
and food concentration. Functional response curves were most 
clearly separated between different temperatures at higher food 
concentrations (Fig. lA). At 10°C no saturation of the ingestion 
rate was observed for the tested range of food levels. 

At lower food concentrations ingestion rates gradually increased 
with temperature. Herbivore ingestion rates were more simUar 
between 10°C and 15°C on the one hand and between 20 and 
25°C on the other hand, with some distance between these groups. 
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Figure 1. Ingestion, with fits of the integrated Hoiling type-ill 
functional response to the data for (a) herbivory and (b) 
carnivory, shown as lines. Dots and bars represent means and 
standard errors. Circles and thick continuous line: 10°C; squares and 
dotted line: 15°C; stars and dashed line: 20°C; Diamonds and dot-dash 
line: 25°C. 

doi:1 0.1 371/journal.pone.0095046.g001 

For this reason, at high food densities the greatest change in 
ingestion out of all of the 5°C steps occurred between 15 and 
20°C. This increase resulted in an increase of the functional 
response plateau (maximal ingestion rate) of about 800 cells 
ind~' li '. IIciicc, from low temperatures to high temperatures 
ingestion by individual herbivorous consumers increased by factors 
of about 1.9 and 2.6 from 15 to 20 and 25°C, respectively. 

Functional response parameters from the integrated t^pe-III 
model provided clear cjuantification of the obser\'ed differences in 
functional response shape with temperature. Attack rates of 
herbivores gradually increased with temperature showing a 
significant difference between 10 and 25°C, indicated by non- 
overlapping confidence intervals for these temperatures (Fig. 2A). 
Mean values of the per capita attack rate increased as: 0.06 X 10 
0.72x10"', 1.76x10"' and 3.28 x 10"' mL h"' for 10, 15, 20 
and 25°C, respectively. Herbivore handling time significantiy 
decreased from 1.19x10"'^ to 0.62x10"'^ h from 15 to 20°C, but 
did not significandy change between 20 and 25°C, remaining at 
about 0.47x10 ^ h (Fig. 2B). As a plateau for ingestion rate was 
absent at 10°C for the tested range of food densities we could not 
meaningfully compare the handling time at this temperature with 
the handling times at the three higher temperatures (noting that 1 / 
handling time defines the plateau). 

Carnivory 

Ingestion rates of the carnivore differed with temperature and 
prey concentration. As for herbivores, functional responses were 




10 15 20 25 
Temperature (°C) 



10 15 20 25 
Temperature (°C) 



0.9 

0.7 



_, 0.5 
E 



0.3 



S 0.1 



-0.1 



-0.3 



c 




1 f 





10 15 20 25 
Temperature {°C) 




10 15 20 25 
Temperature (°C) 



Figure 2. Functional response parameters estimated for the 
integrated type-Ill model for herbivore per capita attack rate 
(a) and handling time (b) and carnivore per capita attack rate 
(c) and handling time (d) at each temperature (units are given 
on the ordinates). Bars represent the upper and lower 95% 
confidence limits. In the fitting, the handling time at 10 C for the 
herbivore reached its lower boundary (zero), thus confidence intervals 
were not estimated (panel a). At 10°C the herbivore's functional 
response did not reach a plateau, for which reason the estimated 
handling time at this temperature is less reliable than the others (panel 
b). 

doi:1 0.1 371/journal.pone.0095046.g002 

most clearly separated between temperatures at higher food 
concentrations (Fig. IB). The slope of increase in ingestion rate 
was similar for the 10 and 15°C data, but separated with further 
increases in temperature. From 20 to 25 °C maximum ingestion 
rate significantly increased, by a factor of 1.6. 

As for herbivory, the differences in shape of functional responses 
by carnivores were most clearly quantified by the estimated attack 
rate and handling time. Estimated attack rates for the carnivore 
did not significantly change along the entire temperature gradient 
from 10 to 25°C (Fig. 2C). Handling times by the carnivore on its 
herbivorous prey did not significantly decrease along the range 
from 10 to 20°C, but showed a significant drop between 20 and 
25°C (Fig. 2D). 

Discussion 

If global change proceeds as projected, individuals in ectotherm 
communities wiU experience higher and more variable tempera- 
tures, including environmental extremes such as heat waves. The 
ecological consequences of those changes could be profound. 
Warming-induced intensification of species interactions could in 
theory lead to stronger population fluctuations and as a 
consequence, to a loss of top-predators [20]. Consequently, 
communities could be destabilized, and this could in turn lead 
to cascading extinctions and community closure [30] . Ecto thermic 
animals comprise the majority of all multicellular animal species 
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on the planet and, hence, it is important to study how difiFerent 
types of ectothermic species respond to warming. One important 
difference in response might occur between carnivores and 
herbivores. Such a difference could lead to changes in the degree 
of top-down control between the plant-herbivore and herbivore- 
carnivore interface and at different parts of the entire temperature 
gradient. 

We studied experimentally ingestion rates of herbivorous and 
carnivorous rotifers in relation to food concentration along a 
temperature gradient from 10 to 25°C, in 5°C steps. These rotifer 
species provide a realistic example, as they co-occur in natural 
planktonic food chains. We thus tested whether temperature- 
induced effects differed between trophic levels and between 
different temperature steps (along different parts of the entire 
temperature gradient). We quantified differences in feeding 
responses along the temperature gradient on the basis of fits of 
functional response models to the data. Here we discuss differences 
for herbivores and carnivores on the basis of ingestion rates and 
the estimated functional response parameters attack rate and 
handling time. 

Feeding across trophic levels 

We found significant warming-induced changes in the feeding 
of both herbivorous and carnivorous rotifers. Overall, ingestion 
rates increased with warming, the largest separation between 
herbivore fimctional response curves occurred as temperature 
increased from 15 to 20°C, while for the carnivore this occurred 
between 20 and 25°C. Responses to warming thus differed 
between these different kinds of consumers, as the 'major jumps' in 
feeding occurred at different parts of the temperature gradient. To 
quantify this finding more precisely, we discuss it further below in 
terms of differences between the functional response parameters 
handling time and attack rate that actually define the shape of 
these curves. 

Handling time 

The observed differences between functional response curves 

could largely be attributed to differences in handling time. Feeding 
rate was then most likely determined by the integrated effect of 
both actual handling time and gut fullness. Actual obser\'ed 
handling times of carnivorous rotifers on herbivorous rotifers span 
the range from seconds on undefended small individuals to about 
20 minutes for a fuUy defended spined herbivorous rotifer [B. 
calyciflorus, Seifert, personal observation). A plateau of between 1 
and 2.5 rotifer prey per hour as seen in Figure 1 is thus likely not 
due to actual handling time alone. 

Attack rate 

Herbivore attack rates showed a gradual increase from 10 to 
25°C, with only the difference between these extremes being 
significant. Attack rate determines the functional response shape at 
low food densities. Therefore the observed response to warming 
will be most relevant to environments where prey densities are low. 
Mean attack rates of herbivores continuously increased which, 
however, was only significant through an increase in ambient 
temperature of 15°C. Carnivore attack rates did not significantly 
increase from 10 to 25°C. Wc thus obser\Td difR'rcnces in attack 
rate responses to warming between the herbivore and carnivore. 
However, these were not responsible for the main differences 
among ingestion rates. 

Prior to performing the experiment we hypothesized that 
warming would increase the rate of herbivory by increasing 
encounter rates between mobile herbivores and their immobile 
prey. However, we only found a significant increase in attack rates 



under a rather extreme increase in temperature of about 15°C 
(from 10 to 25°G). The main response explaining increased 
herbivore ingestion rates was a significantiy reduced handling 
time, with the drop happening between 15 and 20°C. It was 
therefore not the food encounter rate, but the food processing rate 
that increased, and led to an increase in the force of herbivory. So, 
we originally phrased our hypothesis in terms of temperature 
effects on movement, as discussed in [17] but we found that, for 
this particular model system, food processing rates were of 
overriding importance when compared to effects on body velocity. 
We consider it likely that gut evacuation times are shorter at 20°C 
than at 15°C, which allows the herbivores to have a higher 
maximum ingestion rate. 

Warming effects on mobility or on food processing rates 

Rates of carnivory are determined by the mobility of both 
carnivores and their herbivorous prey. Warming could lead to 
higher encounter rates between them, as both tend to move more 
quickly at higher temperatures. However, prey escape ability 
might also be enhanced under warming [19]. It was therefore not 
straightforward what the exact end-result of warming would be for 
realized rates of carnivory. 

What we observed is that actual encounter rates as measured by 
carnivore attack rate did not show a significant increase over the 
entire temperature gradient. This is in contrast with the pattern 
observed for herbivores, where such an increase clearly occurred. 
So, for carnivores a potential increase in encounter rates may have 
been counterbalanced by an increase in successful escapes by 
herbivorous prey. 

However, like in herbivores, the main effect on carnivory 
occurred through an increase in prey processing rate, i.e. by a 
reduction in handling time. However, as stated above, this 
happened at another part of th(^ temperature gradient, under an 
increase from 20 to 25' C. Our observations on this model system 
raise the rjuestion whether ectotherm carnivores in general 
increase their food processing rates at higher temperatures than 
ectotherm herbivores. Future research needs to address this 
question in more detail, probably in relation to additional 
explanatory variables such as body size, stoichiometry type of 
movement and the altitude /local climatic context of the interac- 
tion. 

Functional response types 

The difference in how well different functional response types 
fitted our data was small, which is understandable given the 
variation in the data. We have therefore chosen to emphasize the 
major patterns, in terms of the clearly different levels of predation 
at different temperatures, rather than to focus on differences in 
functional response type. Both type-II and type-Ill functional 
responses have ranges of prey density for which the individual prey 
risk of being consumed is decreasing with prey density [33] and 
hence the interaction between predator and prey is destabilized 
[31]. That instability is possible and increases under warming is 
(■vident from most of the experimental studies of population 
dynamics in ectotherms [24,25,26,27,28,29]. 

Potential consequences at the food chain level 

We studied a relatively wide range of temperatures, from 1 0 to 
25°C. The animals were feeding at all the tested temperatures, 
suggesting we did not cross the boundaries of the thermal windows 
for the tested herbivorous and carnivorous rotifers. No clear effect 
on top-down control emerged for warming from 10 to 15°G, as 
neither handling time, nor attack rate showed a significant change 
in either the herbivore or the carnivore under such warming. 
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However, when a 5°C increase in temperature started from an 
initial temperature of 15°C, top-down control at the herbivore- 
plant interface increased, whereas the force of camivor)' stayed the 
same. When warming lead to a further increase in temperature, 
from 20 to 25°C, no further change in the force of herhivory took 
place. The increase in the force of top-down control then occurred 
at the carnivore-herbivore interface. We quantified the above 
pattern by calculating the 'fold-increase' ingestion rate for a given 
5°C increase in temperature for saturating consumption (i.e. at a 
high prey density). These calculations revealed a 1 .9-fold increase 
in the herbivore's ingestion rate for an increase in temperature 
from 15 to 20°G (from 834 to 161 1 algal cells per ind"' h"') and a 

I. 6-fold increase in the carnivore's ingestion rate for an increase in 
temperature from 20 to 25°C (from 1.5 to 2.5 prey ind~' h~'). 
Quantitatively showing the consequences for (in-)stability of the 
entire food chain and the ensuing population fluctuations (and 
resulting local extinction risks) are beyond the scope of this paper, 
but will be evaluated in a separate study. 

Models predicted either destabUization [20] or stabilization 
[19], [52] of food chains under warming depending on which part 
of the thermal window of the component organisms was 
considered. DestabHization is expected when warming intensifies 
the trophic interaction whereas a stabilizing effect may occur when 
temperatures approach the upper limit of the thermal window, 
where an imbalance between respiration rate and food intake leads 
to reduced feeding rates. [53] determined the maximum oxygen 
consumption rate of B. calycijhrus to occur at about 32-3 3°C and 
the growth rate in this species showed a sharp decrease at 39°C 
when compared to growth at 35 and 37"C, most likely because 
increased consumption can no longer compensate for the strong 
temperature-induced increase in respiration rate. As this point was 
only reached at a much higher temperature than the warming 
gradient tested in our study (5 to 25°C), we consider it unlikely that 
increases in respiration 'outran' the observed increases in ingestion 
rates of our experimental animals. Hence, we hypothesize that 
moderate warming of this ectotherm food chain considered in our 
study wUl, in a temperate system, result in an int(-nsification of 
consumption that most likely leads to a destabUization of predator- 
prey interactions, both at the plant-herbivore and at the herbivore- 
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